INTRODUCTION
Polyamines (putrescine, spermidine and spermine) are organic oligocations present in all living cells (Tabor and Tabor, 1984; Pegg, 1988) . In mammalian cells, spermidine and spermine are present in millimolar concentrations, and their levels are tightly regulated by cell cycle, trophic signals and differentiation status of the cell. Putrescine levels are normally lower, but its biosynthesis is induced by cell growth stimuli, including hormones, mitogens and growth factors. Ornithine decarboxylase (ODC) is a key enzyme in the biosynthesis of polyamines (Russell, 1985) . Induction of ODC activity and elevation of polyamines are considered to be essential for the progression of cell division and stimulation of transcription. Cellular polyamine concentrations are controlled at different levels, but one of the most important pathways is the delicate regulation of ODC at transcriptional, translational and post-translational levels (Heby and Persson, 1990) . Increased levels of polyamines participate in the suppression of their own synthesis by inhibiting the translation of ODC mRNA and by facilitating the degradation of ODC protein. In a number of pathological conditions, however, the tight control mechanism(s) of ODC and polyamines are lost, resulting in the accumulation of high levels of intracellular polyamines. This occurs in malignant cells (Russell and Durie, 1978) and in peripheral mononuclear cells of patients with several of the disorders of the immune system. Recent results show that mononuclear cells of patients with rheumatoid arthritis was the most effective polyamine in densensitizing the Ca2" signal, and decreased [Ca2l] , from 350 nM in the absence of putrescine to 250 nM in the presence of 100 ,tM putrescine. This effect was not mimicked by structurally related homologues or inorganic cations, suggesting a specific structural effect of the polyamine. H.p.l.c. analysis showed that polyamines were internalized during incubation of cells in vitro. In experiments using monoclonal anti-CD4 and anti-CD8 antibodies, we found a differential effect of putrescine on Ca2+ influx in CD4 and CD8 subpopulations of T cells. For CD4+ cells, [Ca2+] i decreased from 625 nM to 420 nM in the presence of 500 ,uM putrescine, whereas
[Ca2+]i was not affected by putrescine in CD8+ cells. These data suggest that natural polyamines have cell-specific effects on mitogen-stimulated Ca2+-influx in T-cell subsets. (Flescher et al., 1989) and acquired immunodeficiency syndrome ('AIDS') (Colombatto et al., 1989) have intracellular contents of polyamines 2-20-fold higher than that of normal controls. Since these diseases share the feature of a down-regulation of immune function, it is pertinent to ask whether increased level of polyamines contribute to impaired T-cell function by interfering with the mitogenic signal-transduction processes.
Recent research on signal transduction has revealed Ca2+ as a universal second messenger for many hormones, neurotransmitters and other external stimuli, transducting cell-surface activation signals to initiate diverse intracellular processes, resulting in the transcription of responsive genes, DNA synthesis and cell division (Altman et al., 1990) . Using the fluorescent dye quin 2, Tsien et al. (1982) first demonstrated that mitogens such as concanavalin (Con) A caused a rapid increase in cytosolic free Ca2+ ([Ca2+] i). Elevation of [Ca2+] i is central to the activation of T-cells mediated by antigenic recognition of T-cell receptors (Gardner, 1989) . Important regulatory information is encoded in the intensity, frequency and amplitude of the Ca2+ signal. Cytosolic Ca2+ signals can be generated from intracellular stores as well as from an extracellular Ca2+ pool such as that contained in the growth medium. Transmembrane Ca2+ mobilization and the presence of extracellular Ca2+ appear to be essential for the production of the lymphotrophic hormone interleukin-2 (IL-2) (Mills et al., 1985) .
Recent reports suggest a regulatory role of polyamines in Tcell function, particularly in the production of IL-2 (Flescher et 
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T. Thomas and others al., 1989) . Increased levels of polyamines down-regulate the production of IL-2, whereas polyamine depletion with an ODC inhibitor difluoromethylornithine (DFMO) increases its production (Bowlin et al., 1987) . In the present investigation, we examined whether intracellular polyamines interfere with transmembrane Ca2l mobilization in mouse T-cells stimulated with the mitogenic lectin, Con A. Our experiments show that Con Ainduced transmembrane Ca2l mobilization in splenocytes from BALB/c mice is inhibited by exogenous putrescine, spermidine and spermine in a dose-dependent manner. These effects are specific to the polyamine structure, as revealed by a lack of inhibitory effect by closely related polyamine homologues and inorganic cations. Further studies showed that polyamines exert differential effects on Ca2+ influx with CD4+ and CD8+ subpopulations of T-cells.
EXPERIMENTAL
Preparation of splenocytes and separation of T-cells (Ng et al., 1988 (log) . When excited near the optimal wavelength of 365 nm, Indo-1/AM showed a shift of the fluorescence emission maximum from 500 nm for free Indo-1/AM to 400 nm for the Ca2+-bound complex. The ratio of the fluorescence intensity at 500 nm to 400 nm could therefore indicate the Ca2+ content of the cells, independent of the actual Indo-1/AM concentration within the cell. lonomycin was used at a concentration of 1-2,M to check the instrument set-up and cellular dye loading. Since our instrument was set up to compute the fluorescence ratio, J500/F400 (R) versus time, increase in Ca2+ uptake was detected by a decrease in R. We used a method for calibration in situ to convert R into [Ca2+] , by using the procedure described by Chused et al. (1987) . We computed the mean fluorescence ratio of cells within short time intervals (40 s) by projecting slices of the two parameter histograms on the screen, and calculating the range, mean, S.D. and coefficient of variation within this time interval by using software available from Coulter. BALB/c splenocytes or purified T-cells were prepared and loaded with Indo-1/AM as described above and analysed at typical flow rate of 200 cells/s. For each experiment, base-line unstimulated ratio measurement was followed by addition of the desired stimulus. The cell flow was stopped, and the sample line was back-flushed to remove non-triggered cells before analysis was resumed. This time gap in analysis was kept to a minimum of 15-20 s.
Two-colour flow cytometry
Anti-mouse L3T4-phycoerythrin (PE) (anti-CD4) and Lyt-2-fluorescein isothiocyanate (FITC) (anti-CD8) antibodies were purchased from Becton-Dickinson and Co. (San Jose, CA, U.S.A.). Purified splenic T-cells were loaded with Indo-1, treated with L3T4-PE and Lyt2-FITC at a concentration of 4 /1/ 106 cells and incubated at room temperature (22°C) for 30 min. Samples were then analysed on a Coulter Epics 753 flow cytometer designed to allow simultaneous recordings of u.v., red and green fluorescence. Two lasers with excitation wavelengths at 488 and 355 nm were used at 200 and 100 mW power, respectively. Cells were gated from debris by using forward-angle light scatter. Green fluorescence was measured through 560 nm short-pass dichroic and 525 nm band-pass filters. Red fluorescence was measured through the 560 nm short-pass dichroic and 575 nm band-pass filter. The violet (400 nm) signal of Indo-1/AM for Ca2" was measured with a 450 nm long-pass dichroic and a 400 nm band-pass filter. The blue (500 nm) signal of Indo-1/AM was measured through 450 nm long-pass dichroic and 500 nm band-pass filters. Both 400 and 500 nm signals were processed through a 380 nm laser blocking filter. Four photomultiplier tubes were used for simultaneous detection of the signals. The cells that were surface stained for CD4 and CD8 were gated on each subpopulation. After stimulation with Con A, the intracellular Ca2+ determinations were recorded simfound that keeping cells at room temperature in RPMI suppleultaneously for each subset. Figure 1(b) shows the effect of 50 ug/ml Con A on transmembrane Ca2+ influx in BALB/c splenocytes. Con A-induced Ca2+ mobilization occurred at a slower rate than that of ionomycin, and the peak value of [Ca2+]i was approx. 50 % of that with ionomycin. The Con A-induced increase in [Ca2+]i was dose-dependent up to a concentration of 50 ,tg/ml Con A ( Figure  2 ). Therefore we conducted all subsequent measurements at 50 ,ug/ml Con A.
The (Alcovier et al., 1986) . The requirement for extracellular Ca2+ for the rise in
[Ca2+]i has also been reported to vary with experimental systems (Imboden and Stobo, 1985; Oettgen et al., 1985) . [Ca2+], after addition of Con A, is also shown in Figure 3 .
We also examined whether polyamines exerted an inhibitory effect on ionomycin-induced Ca2+ mobilization. lonomycin is known to by-pass the membrane receptor pathway (Truneh et al., 1985; Chatila et al., 1989) , and hence its ability to mobilize transmembrane Ca2+ influx is not altered by agents that specifically affect the structure and transport properties of membrane receptors. Our experiments with putrescine, spermidine and spermine showed that polyamines had no inhibitory effect on transmembrane Ca2+ influx in cells stimulated with ionomycin (results not shown).
Internalization of polyamines In splenocytes
In order to confirm whether polyamines were internalized during our incubation of cells before Con A stimulation, we determined intracellular polyamine pools in parallel sets of splenocytes after incubation with putrescine, spermidine and spermine for different time points. The cells were then washed in PBS to remove extracellular polyamines, and were analysed for polyamine pools by h.p.l.c. after pre-column derivative formation to their dansyl derivatives (Kabra et al., 1986) ; the results are presented in Table   1000 1. Incubation of splenocytes with 1 mM putrescine, spermidine or spermine increased their intracellular concentrations by 5-, 2-and 2-fold respectively within 30 min. These results are comparable with those in recent reports showing rapid uptake of diamines by rat lung epithelial cells, mouse splenocytes and malignant-cell lines (Oreffo et al., 1991; Singh et al., 1992) .
Effect of administration of putrescine in vivo on Ca2+ influx
We further examined whether administration of putrescine in vivo could produce a similar increase in intracellular putrescine levels and the inhibition of mitogenic Ca2+ signalling. For this purpose, we treated a group of BALB/c mice with 1 % putrescine in drinking water for 1 week and determined Ca2' influx of splenic T The observed inhibitory effect of a polyamine such as putrescine on transmembrane Ca2+ mobilization may be a result of ionic effects due to the competition between putrescine2+ and Ca2+ for anionic sites on the cell membrane. Another possibility is that putrescine may be exerting a specific effect linked to its structural geometry and the number of hydrophobic methylene groups. To distinguish between these two possibilities, we examined the effects of three structurally related homologues of putrescine and two bivalent cations (Mg2+ and Zn2+) on Con A-stimulated Ca2+ influx at the optimum putrescine concentration (100 ,uM). Results of this set of experiments are presented in Table 2 . Our results show that lower and higher putrescine homologues differing by even one methylene group had no effect on the ability of Con A to mobilize extracellular Ca2+. Furthermore, the inorganic cations Mg2+ and Zn2+ had no effect on Ca2+ influx. These results clearly show that the effect ofputrescine on the mitogenic Ca2+-signalling pathway is highly specific to its chemical structure. The structure specificity of putrescine observed in this desensitization of Ca2+ mobilization is similar to the effect of polyamines in certain macromolecular interactions, such as polyamine-induced B-DNA to Z-DNA transition (Thomas and Messner, 1988) .
Cell-specfflc effects of putrescine on CD4+ and CD8+ subpopulations of T-cells
We next examined whether the effects of putrescine could be segregated within the T-cell subpopulations identified by the cellsurface markers CD4 and CD8. For these experiments, splenic T-cells were purified, loaded with Indo-l/AM and treated with monoclonal anti-CD4 (PE) and anti-CD8 (FITC) antibodies. The fluorescence ratio was not change by addition of antibodies to CD4 or CD8, thereby ruling out a stimulatory effect by these antibodies alone under our experimental conditions. Using a dual-laser set-up, these cells were gated individually on each subset (CD4, red; CD8, green). The fluorescence ratios were then recorded simultaneously in the presence and absence ofputrescine on Con A-stimulated cells. Considerable heterogeneity was evident in response to Con A in all cell populations, even after segregating them to the CD4+ and CD8+ subpopulations. The response of CD4+ subset to Con A-induced Ca2+ mobilization was higher than that of the CD8+ subset. Calculation of the mean Ca2+ influx in CD4+ and CD8+ subpopulations showed a differential effect of putrescine on these populations: putrescine inhibited Ca2l mobilization in CD4+ cells, but had no effect on CD8+ cells (Figure 4a and 4b with T-cell subsets has been reported by other investigations also (Rabinovitch et al., 1986) . Information on this heterogeneity is an advantage of flow cytometry compared with conventional fluorimetric methods. Ca2+ influx in CD4+ cells could be affected by the binding of monoclonal anti-CD4 antibody. For example, using CD4+ hybridoma cell lines, Rosoffet al. (1987) showed a 50 % decrease in Ca2+ influx after incubating these cells with monoclonal anti-CD4 antibody. In constrast with the observations on hybridoma cells (Rosoffet al., 1987 ), Budd et al. (1990 reported the absence of any inhibitory action of anti-CD4+ antibody on Ca2+ influx in CD4 cells isolated from MRL-lpr/lpr mice. In our experiments,
[Ca2+]i in CD4 cells is nearly twice the mean [Ca2+]i value in Tcells, and hence it is unlikely that anti-CD4-antibody inhibition of Ca2+ influx played a major role in our system.
A preliminary report by Flescher et al. (1991) showed that anti-CD-3-induced intracellular Ca2+ mobilization in normal human peripheral lymophocytes was suppressed by spermidine. They also found significantly decreased Ca2+ influx in T-cells of rheumatoid-arthritis patients that contained constitutively higher levels of polyamines than that of normal lymphocytes. Cellspecific inhibition of Ca2+ mobilization in splenic T-cells was also reported recently with regard to the opiate-induced immunosuppression (Sei et al., 1991) . They also observed a maximum effect of morphine on CD4+ cells, and concluded that the morphine effect was probably effected through increased glucocorticoids. Our data, as well as those of Sei et al. (1991) There are several reports that link polyamines to the Ca2l signalling, particularly to Ca2l transport in mitochondria and sarcoplasmic reticulum (Schuber, 1989; De Meis, 1991) . Micromolar concentrations of spermidine and spermine were found to block Ins(1,4,5)P3-independent unidirectional Ca2l efflux induced by Ca2l-releasing drugs in sarcoplasmic reticulum (Palade, 1987) . It was also found that polyanions and polycations had opposing (stimulatory versus inhibitory) effects on the uptake of Ca2+ by cardiac microsomes (Xu and Kirchberger, 1989 A possible mechanism for the action of polyamines in Ca2l signalling might involve the binding of polyamines with membrane phospholipids, probably through electrostatic interactions between the phosphate groups and positively charged amino groups. For example, spermine interacts with negatively charged phospholipids, particularly polyphosphoinositides, and phosphatidylinositol, but not InsP3 (Tadolini and Varani, 1986) . Veraga et al. (1986) showed that spermine blocked Ca2+ signalling in electrically stimulated muscle fibres by interfering with the production of InsP3. Other enzymes that might be affected by polyamines include InsP3 5-phosphatase as well as kinases involved in the regulation of phospatidylinositol (Schacht, 1976; Seyfred et al., 1984) . These reports suggst that polyamines might interact with phosphoinositide, inhibit its metabolism and thereby block a pathway mediating Ca2+ entry into the cell.
However, since the role of InsP3 in transmembrane Ca2+ mobilization is still controversial (Ng et al., 1988; Lewis and Cahalan, 1989; Guoy et al., 1990) , other mechanisms may also be operative in the action of polyamines in Ca2+ signalling in T-cells.
Polyamines have been recognized as cell growth-regulatory molecules with multiple functions which are not as yet well defined (Pegg, 1986; Tabor and Tabor, 1984) . Activity of a variety of enzymes involved in DNA replication, transcription and translation is modulated by polyamines (Tabor and Tabor, 1984) . They selectively modulate the transcription of growthassociated genes (Celano et al., 1989 ) and the function of T-cell subpopulations (Ehrke et al., 1986) . Polyamines are essential for cell growth; depletion of polyamines by inhibiting the activity of their biosynthetic enzymes such as ODC by DFMO results in cell growth inhibition (Metcalf et al., 1978) . Paradoxically, polyamines act as immunosuppressants in T-cell subpopulations. For example, Flescher et al. (1989) found that exogenous polyamines suppressed IL-2 production in Con A-stimulated T-cells. Polyamine-induced immunosuppression and inhibition of IL-2 production are comparable with that by well-characterized immunosuppressants such as cyclosporin (Nordmann et al., 1989) and FK108 (Lin et al., 1991) . Bowlin et al. (1987) further showed that DFMO-mediated polyamine depletion in vivo and in vitro enhanced Con A-induced IL-2 production. The finding that Ca2+ mobilization is a prerequisite for the induction of IL-2 (Mills et al., 1985; Tamura et al., 1990) provides a link between Ca2+ influx, IL-2 production and the immunosuppressive effects of polyamines.
In summary, our results show that increased levels of polyamines down-regulate mitogen-stimulated transmembrane Ca2+ mobilization in murine T-cells and suggest a major role for polyamines in Ca2l signal-transduction pathways leading to Tcell proliferation and differentiation. The effects of polyamines are specific within T-cells subpopulations, the CD4+ subset being the most sensitive. The remarkable structural specificity of putrescine in blocking transmembrane Ca2+ influx further suggests that natural polyamines are capable of specific interactions with components of the cellular machinery that drives the Ca2+ influx.
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